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Abstract 
This work simulates numerically Double Cantilever Beam and End Notched Flexure experiments on 
Carbon Fiber Epoxy Resin specimens that have been performed by some of the authors in a previous 
work. Specimens have been nanomodified by interleaving plies with a layer of electrospun nanofibers in 
the delaminated interface. Eight different configurations of nanofibers have been used as interleave, for a 
total of 9 configurations (8 nanomodified plus the virgin one) to be simulated for both kind of tests to 
identify the cohesive zone parameters corresponding to the effect of nanofiber diameter, nanolayer 
thickness and nanofiber orientation on the delamination behaviour of the composite.  
Results showed that a bilinear damage law is necessary for almost all nanomodified configurations, and 
presented a clear relationship between nanomat layer parameters and the cohesive energy of the interface. 
 
Keywords: A. Polymer-matrix composites; A. Nanostructures; B. Delamination; C. Finite element 
analysis (FEA) 
 
1 Introduction  
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Composite laminates represent one of the most important technological developments of the last decades. 
They find application in a growing number of sectors and their importance is consequently increasing day 
by day. When a fracture takes place between two plies it takes the name of delamination, and is one of the 
most critical failure modes for laminates since it appears and grows without being visible from outside. A 
delaminated laminate can significantly loss stiffness and strength and still remains visibly unchanged.  
Many efforts were carried out in the last decades to mitigate delamination in composites, and a large 
number of researches can be found in literature, for instance, on testing [1-6] and modelling [7-15] 
delaminated materials.  
It has been demonstrated that the delamination resistance of composite laminates could be significantly 
enhanced by means of layers of nanofibers laid down at ply interfaces [16-19]. Beside delamination 
resistance, nanointerleaved composite material showed an improvement on damping, flexural strength, 
and fatigue properties, [20].  
Delamination of composite laminates interfaces is commonly simulated with cohesive zone model. These 
model, initially proposed by Dugdale [21] and Barrenblatt [22], describes the damage phenomena at the 
crack tip by means of a stress-opening relationship (cohesive law). Different shapes of the cohesive law 
have been defined in the literature for a better representation of the fracture phenomena: rigid linear 
cohesive laws are typically used for the brittle fracture [23], piece-wise linear cohesive laws and 
exponential cohesive laws are typically used for more ductile fracture [24, 25, 26]. Some works present 
cohesive zone models for the simulation of the failure behaviour of adhesively bonded joints [27, 28] Li 
et al. [29], dealing with the crack simulation of an adhesively bonded polymer-matrix composite material, 
noticed that the crack propagation was accompanied by a significant amount of fiber pull-out. In order to 
FDSWXUHERWKWKHPDWUL[FUDFNLQJDQGWKHILEHUSXOORXWSKHQRPHQDWKH\XVHGD³EL-WULDQJXODU´FRKHVLYH
law. This was defined as the envelope of two cohesive laws: the first representing the matrix strength and 
the second representing the fiber bridging. 
Turon et al. [30] studied the effects of the element size on the force/displacement response of a DCB test, 
showing that accurate simulations require elements length smaller than 1 mm, and a minimum number of 
5 elements within the cohesive zone. They also showed that the interface stiffness can have a large 
influence on the accuracy of the solution. 
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This work presents a detailed finite element simulation analysis of composite laminates interleaved with 
nanofibers of different configuration. 
Both triangular and bi-triangular laws are used in numerical analysis of Double Cantilever Beam (DCB) 
and End Notched Flexure (ENF) tests of virgin and nanomodified samples done in [18] on virgin and 
nanomodified Carbon Fiber Reinforced Plastic (CFRP) laminates with eight different configurations of 
nanofibers. Simulations using cohesive zone have a double purpose: 
1) modelling the effect of the presence of a nanofibrous interleave into an epoxy-based composite 
laminate: the simulation has the purpose to link the geometrical feature of the nanofibrous mat to the 
global mechanical properties of the laminates; 
2) providing a useful tool to designers who want to reinforce their laminates with nanofibers, in the 
perspective of using the cohesive zone parameters identified on DCB and ENF tests with different 
nanofibers in a process of virtual optimization of composite layup for a given application. 
 
2. Experiments summary  
The mode I (DCB) and mode II (ENF) fracture mechanic tests presented in [18] are briefly reported here. 
In the experiments, 20-plies specimens made of woven carbon fiber/epoxy resin were interleaved during 
the lay-up with a mat of Nylon 6,6 electrospun nanofibers between the 10th and the 11th ply, where 
delamination was forced to take part by placing a teflon insert at one side. Several nanofibrous mat 
configurations have been manufactured in order to investigate the effect of the nanofiber mat geometry on 
the behaviour of the laminate. In particular three geometrical features have been considered, and the same 
nomenclature used in [18] is being used here to identify the nanomodified configurations: 
 nanofiber diameter of 150 and 500 nm, identified by the numbers 14 and 25, respectively; 
 random and oriented nanofibersLGHQWLILHGE\WKHOHWWHUV³5´DQd ³2´, respectively; 
 nanomat thickness of 25 and 50 µmLGHQWLILHGE\WKHOHWWHUV³%´DQG³&´UHVSHFWLYHO\ 
Table 1 summarizes nanomodified configurations and the codes used throughout the paper. 
 
3. Numerical modelling 
 4 
The aim of the modelling is to identify a behavioural model based on cohesive zone to simulate the 
delamination in nanomodified interfaces from DCB and ENF tests. The simulations are performed with 
commercial code Abaqus with implicit time integration. 
The traction-separation behaviour assigned to cohesive elements is the classical triangular law presented 
in Figure 1. 
 
Figure 1. 
Where V represents the stress of the element, G its opening and K its stiffness. 
When a certain level of displacement (or stress) is reached, the stiffness and the strength are progressively 
reduced until the complete separation is obtained. This type of cohesive law fits reasonably well to a 
predominantly brittle fracture, for which the force/opening experimental curve presents an initial 
maximum peak followed by an exponential-like decay. If significant fiber bridging is present, the 
cohesive law can be broken up into two components, the first of which associated with matrix cracking 
and the second with fiber bridging. This law takes the name of ³EL-linear softening cohesive law´and it is 
presented in Figure 2.  
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Figure 2. 
6XEVFULSWV³P´DQG³E´VtDQGIRU³PDWUL[´DQG³EULGJLQJ´UHVSHFWLYHO\6XSHUVFULSW³´LQGLFDWHVWKH
GLVSODFHPHQWDWZKLFKWKHOLQHDULW\FKDQJHVDQGHYHQWXDOO\VXSHUVFULSW³F´indicates the critical 
displacement, at which a complete separation is achieved. This model is based on the idea that the epoxy 
matrix and the fiber-bridging work as parallel springs: the peak load is reached in correspondence of the 
matrix cracking (Vi2m,max, Gi2m0), followed by fiber pull-out beginning at (Vi2b,max, Gi2b0), until the complete 
separation (, G12c) [31]. This law has been proven [12] to be more appropriate in describing the 
experimental behaviour than a simple linear damage law such as the one in Figure 1. 
The first parameter to be identified is the initial stiffness Ki2
0, determined by progressively increasing its 
value until the FE trend coincides with the elastic part of the experimental data. Once the stiffness is 
established, a value of Vi2,max is determined by imposing the cohesive energy *j = GjC, and then by 
progressively increasing Vi2,max until little if no deviation from linearity is left before the force peak. 
Finally, the cohesive energy *j is tuned until the post-peak trend has a good convergence. In the case of 
the bi-linear softening law shown in Figure 2, Ki2
0 and Vi2m,max are determined in the same way as for the 
linear damage law. The value of Vi2b,max, *jm and *j are then identified by trial-and-error process in order 
to reproduce as closely as possible the data in the post-force peak phase. 
The plain weave carbon-epoxy laminate is modelled with the following elastic constants: E11 = E22 = 59 
GPa, E33 = 8 GPa, G13 =0.8 GPa, Q 12 = Q 23 = 0.261, Q13 = 0.062. 
Simulations were carried out using a 2D plane strain finite element model: fully integrated square four-
node elements (size 0.25 mm) were used to simulate the cantilevers, while square cohesive elements (size 
0.1 mm) were used to simulate the delamination. The force is transmitted via rigid kinematic constraints 
simulating the fixtures. For ENF specimens, the mesh was refined at the crack tip of the initial 
delamination, in the region where the crack is expected to propagate, up to 10 mm beyond the half-length 
of the specimen (in the opposite side of the delamination), due to the fact that it was experimentally found 
that the crack overcomes the mid-length of the specimen during loading [18]. Figure 3 and Figure 4 show 
the modelled geometries.  
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Figure 3. 
 
Figure 4. 
4. Results 
4.1. Mode I 
The Mode I fracture behaviour of the virgin material has been initially modelled with the linear damage 
law represented in Figure 1, for which the area below the traction-separation law is taken equal to the 
corresponding experimental critical strain energy release rate.  
Figure 5 shows the comparison between the experimental result and the numerical solution of a virgin 
specimen obtained using the linear damage model. Once calibrated, this law fits well to the case of the 
non-modified interface, where the force/opening presents an initial maximum peak followed by an 
exponential-like decay.  
 
Figure 5. 
As found in the literature [32], the linear damage model is rather insensitive to the choice of the critical 
stress (within some limits: extremely low values of critical stress give poor results in terms of maximum 
peak force), which here has been chosen high enough to sharpen the force-opening peak as in the 
experiments. The fracture energy of the cohesive law is obtained varying the value of GIC until a good 
agreement with the experimental data is reached. 
Nanomodified interfaces behave differently due to nanofibers bridging phenomena described in [1], 
which usually causes a different behaviour during crack propagation. In particular it has been found [12, 
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18,19] that nanomodified interfaces do not present the classical exponential-like decay, while instead 
showing a plateau after the peak force, where the load stands before decreasing, as can be seen from the 
experimental curves in Figure 6. For such cases the triangular law described in Figure 1 is not able to fit 
the experimental curve, and the bilinear law shown in Figure 2 should be instead used.  
Experimental-numerical comparison is shown in Figure 6. 
 
Figure 6.  
Model parameters used for the simulations are summarized in Table2. 
It can be seen that some tests exhibited a peculiar behaviour in the pre-peak regime, characterized by an 
initial linear behaviour, followed by a deviation from linearity, then again by a linear segment with lower 
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slope, until failure. These cases were treated considering only the second linear segment for the 
simulation of the pre-peak behaviour, implying that a longer crack length was identified in order to match 
the lower slope of this second linear segment. Model parameters used for the simulations are reported in 
Table 2. 
Table shows that for the 14RB, 14OB and 14OC, a bilinear cohesive law is required: DOOWKH³´
configurations (those with 150 nm diameter nanofibers) with exception of the 14RC present a significant 
fiber bridging phenomena. 
 
4.2. Mode II 
In the ENF setup the crack grows rapidly. Experiments showed that, for both virgin and nanomodified 
specimens, once the crack propagates, the delamination instantaneously overcomes the centreline of the 
specimen, and consequently the load/displacement graph shows a sharp drop right after the maximum 
force peak. 
The simulation of the virgin specimen was carried out using a linear damage cohesive law, taking the 
cohesive energy value close to the GIIC determined experimentally.  
As mentioned above, the model is rather insensitive to the choice of the critical stress, and then the main 
parameter is the cohesive energy *,,. Figure 7 shows two attempts of modelling with different values of 
*II. It is shown that the model cannot simulate well WKHH[SHULPHQWDOEHKDYLRULQWKH³0RGHO%´FDVHWKH
peak load is matched, but the load drop is not deep enough to match the second part of the curve; on the 
other handWKH³0RGHO$´SHDNORDGLVunderestimated, but the propagation phase is correctly modelled. 
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Figure 7. 
Therefore, to correctly simulate the behaviour, two different cohesive laws depending on the position 
along the crack path have been used. The length of the first zone (La) is tuned with the experimental 
results, following these steps: 
1. define the parameters to match the maximum load (superscript ' in Figure 8); 
2. define the parameters to match the propagation phase (superscript '' in Figure 8); 
3. assign the parameters obtained with step 1 to those cohesive elements placed after the crack tip for a 
length of La. The parameters obtained with step 2 are given to the remaining elements. Fitting 
simulations to experiments identifies the value of La. 
The numerical curve so obtained is plotted in Figure 8, showing a very good agreement with the 
experimental one. Since no precrack was initiated on the specimens, the first peak load (and therefore the 
first cohesive law) could be strongly affected by technological issues (position and final edge shape of the 
Teflon tape), while the second cohesive law is more representative of the material fracture properties. 
Two cohesive laws are therefore required, since only a constant parameters cohesive law cannot properly 
simulate the apparent fracture toughness changes along the crack path. This issue could be deeper 
analysed by modelling the dissipation phenomena at the crack tip (plastic dissipation, fibre bridging), 
however, this kind of approach is considered to be too demanding to be implemented in an industrial 
design procedure, and therefore, for this work, out of target. 
 
 
Figure 8.  
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The same approach in cohesive law identification has been adopted for nanomodified interfaces, and the 
results are presented in Figure 9. 
 
Figure 9.  
Model parameters are summarized in Table 3. 
 
5. Discussion 
The results shown in the previous section are compared and discussed in order to understand the influence 
of nanofibers configuration over the cohesive zone parameters, among which, the most significant one is 
the cohesive energy, representing the delamination fracture toughness. 
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Considering the mode I tests, therefore looking at Table 2 the following considerations can be drawn: 
- 14RB is the only nanomodified configuration showing a cohesive energy higher than virgin 
material. All the other combinations show a cohesive energy considerably lower; 
- the configurations 14RB, 14OB and 14OC require bilinear softening cohesive laws: this could be 
explained with the presence of significant fiber bridging phenomena, as shown in [1], and 
reported in Figure 10. However, the amount of energy assigned to the fiber bridging is notably 
high only in the case of the 14RB specimen; 
 
Figure 10. 
 
- Figure 11 reports the values of cohesive energy evaluated for different fiber diameters in the case 
of different nanofiber orientation and nanolayer thickness.  
 
Figure 11. 
It can be noticed that the cohesive energy in the case of 150 nm fiber diameter is higher than 
those of 500 nm fiber for all the configurations, keeping constant the fiber orientation and 
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nanolayer thickness. This could lead to the statement that the smaller the fiber diameter, the 
higher the energy absorption capability of the interface; 
- in Figure 12 the cohesive energy is evaluated for random and oriented fiber for different values 
of nanofiber diameter and layer thickness. It appears that, with exception of thicker layer and 
bigger fiber, random fiber orientation leads to a higher cohesive energy; 
 
Figure 12. 
- Finally Figure 13 compares the cohesive energy for the tested configuration, pointing out the 
influence of the fiber thickness. It appears that the thinner the fibers, the higher the cohesive 
energy. 
 
Figure 13. 
The cohesive energy is also studied for the mode II tests. Figure14 shows that, with the exception of 
specimens 25 OB and 25 OC, the cohesive energy of the post-peak cohesive law is higher than that of the 
pre-peak one. Moreover the specimens 25 OB and 25 OC present the lowest values of the cohesive 
energy, alike mode I tests. 
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Figure 14. 
As previously stated, the pre-peak cohesive law is supposed to be less representative of the steady-state 
fracture properties than the post-peak one, therefore the latter is considered for the following comparison: 
- Figure 15 shows the influence of the fiber diameter for different combination of fiber orientation 
and layer thickness on Cohesive Energy. It clearly appears that the smaller the fiber diameter, the 
higher the cohesive energy. This fully confirms the trend already found for the mode I 
simulations; 
 
Figure 15. 
- Figure 16 shows the influence of fiber orientation over the cohesive energy of mode II tests: a 
general trend is that random oriented fiber leads to a higher cohesive energy, with the exception 
of the 14C configuration; 
 14 
 
Figure 16. 
- Finally, Figure 17 shows the influence of the nanofiber layer thickness, and with exception of the 
configurations 14R (where the thickness reduction doubles the cohesive energy), it appears that 
the thicker the layer, the higher the cohesive energy. An opposite trend was found in mode I 
tests.  
 
Figure 17. 
6. Conclusions 
In the present paper, the presence of electrospun nanofibrous mat as interleaving material in composite 
laminate Mode I and Mode II fracture tests has been numerically simulated using cohesive zone.  
For Mode I test simulations, a bilinear damage law came out to be necessary in several cases to match the 
experimental behaviour of the nanomodified interface, while the virgin material can be represented 
through a simple linear damage law. The necessity of using a bilinear damage law has been related to the 
crack bridging and obstacle to crack growth caused by nanofibers. Instead, under Mode II loading virgin 
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and nanomodified materials behaved similarly until the initiation of fracture, which was matched by a 
simple linear damage law.  
However, in order to match both the starting and steady-state crack propagation phases, a specific 
procedure for the cohesive parameters identification has been developed, as initial and steady-state 
cohesive energy values were in general different. 
Moreover the influence of the nanomat layer parameters over the cohesive energy is studied in order to 
link the process parameter to the material strength: the relationship are rather clear concerning the mode I 
tests, while for the mode II test the trends can be generally understood, hence a more detailed analysis is 
required, increasing the number of tested specimens and testing pre-cracked specimens. 
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Figure Captions 
1. Linear damage cohesive law. 
2. Bi-linear softening tractionʹseparation law used to describe fracture of layers with fiber 
bridging. 
3. DCB model 
4. ENF model. 
5. Comparison between experiment and cohesive zone model in the case of virgin laminate. 
6. Experimental (continue lines) and numerical (dashed lines) results for Mod I tests. 
7. Result of ENF (virgin material) simulation obtained using a triangular shape cohesive law. 
8. Result of ENF (virgin material) simulations obtained using two triangular shape cohesive laws. 
9. Experimental (continue lines) and numerical (dashed lines) results Mod II tests. 
10. SEM pictures of nanofiber bridging after crack propagation 
11. Influence of the fiber diameter for different fiber orientation and layer thickness. 
12. Influence of the fiber orientation for different fiber diameter and layer thickness. 
13. Influence of the layer thickness different fiber diameter and fiber orientation. 
14. Cohesive energies identified for Mode II loading 
15. Influence of the fiber diameter for different fiber orientation and layer thickness. 
16. Influence of the fiber orientation for different fiber diameter and layer thickness. 
17. Influence of the layer thickness different fiber diameter and fiber orientation. 
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Tables 
Table 1. Nanofiber configurations. 
Nanofiber 
Diameter 
Nanofiber 
Orientation 
Nanolayer 
Thickness 
Code 
150 nm (14) 
Random (R) 
25 Pm (B) 14RB 
50 Pm (C) 14RC 
Oriented (O) 
25 Pm (B) 14OB 
50 Pm (C) 14OC 
500 nm (25) 
Random (R) 
25 Pm (B) 25RB 
50 Pm (C) 25RC 
Oriented (O) 
25 Pm (B) 25OB 
50 Pm (C) 25OC 
 
Table 2. Cohesive zone parameters identified for Mode I simulations. 
DCB Cohesive Zone Parameters 
Code 
īI 
(N/mm) 
ı22m,max 
(MPa) 
K
0
22 
(MPa/mm) 
ı22b,max 
(MPa) 
īIbޖ 
(MPa/mm) 
Virgin 0.75 60 55000 / / 
14RB 1 48 55000 1 0.45 
14RC 0.3 38 55000 / / 
25RB 0.33 25 55000 / / 
25RC 0.17 40 55000 / / 
14OB 0.28 23 55000 1 0.22 
14OC 0.25 20 55000 1 0.22 
25OB 0.22 30 55000 / / 
25OC 0.2 8 55000 / / 
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Table 3. Cohesive zone parameters identified for Mode II loading. 
 Cohesive Zone Parameters 
Code 
īII¶ 
(N/mm) 
ı12max¶ 
(MPa) 
K
0
12¶ 
(MPa/mm) 
īII¶¶ 
(N/mm) 
ı12max¶¶ 
(MPa) 
K
0
12¶¶ 
(MPa/mm) 
La 
(mm) 
Virgin 3 30 55000 2.2 30 55000 10 
14RB 3.3 40 55000 4.6 51 55000 20 
14RC 1 17.5 55000 2 35 55000 25 
25RB 1.1 30 55000 1.45 30 55000 25 
25RC 1.65 30 55000 / / / / 
14OB 1.8 35 55000 3 48 55000 25 
14OC 3.1 45 55000 3.45 48 55000 10 
25OB 0.7 14 55000 0.28 7 55000 10 
25OC 1.25 17 55000 0.35 8 55000 20 
 
